In eight anaesthetized post-absorptive dogs we measured the concentration and specific radioactivity of phenylalanine and leucine in arterial and femoral-venous plasma, together with hindlimb flow during a continuous infusion of L-[ring-2,6-3H]phenylalanine and L-[1-_4C]leucine. The femoral-venous plasma concentration was greater than arterial for both phenylalanine and leucine (P < 0.05 for each). Despite net amino acid release there was a significant removal of both labelled phenylalanine and labelled leucine. Consequently, a significant dilution of specific radioactivity was observed between artery and vein for both radio-tracers. The uptake of leucine from the arterial circulation by the hindlimb exceeded by 2.6-fold that of phenylalanine; the measured molar ratio of leucine to phenylalanine in hindlimb muscle protein averaged 2.4 + 0.1. Since phenylalanine is neither synthesized nor degraded by muscle tissue, the measured removal of tracer and the dilution of tracer specific radioactivity across the hindlimb can be used to estimate rates of phenylalanine incorporation into, and release from, tissue protein. The estimated rate of protein synthesis by hindlimb averaged 644 + 250 nmol of phenylalanine/min. This was exceeded by the rate of tissue protein degradation (987 + 285 nmol of phenylalanine/min). The present results demonstrate that the dilution of the specific radioactivity of labelled phenylalanine can be readily measured across dog hindlimb. This measurement, coupled with an estimate oftissue blood flow, can provide a readily measured, non-destructive, method for estimation of protein turnover in specific muscle beds in vivo. Measurements can be made repeatedly over time in a single experiment, allowing the study of factors which regulate protein turnover. The method developed here in dogs can be readily extended to clinical studies.
INTRODUCTION
Skeletal muscle, owing to its bulk (approx. 27 kg in the 70 kg man) and high protein content (12-16 g % wet wt.), is the major store of body protein. During periods of fasting or injury, net release of amino acids derived from skeletal-muscle protein provides the liver and kidneys with substrate for gluconeogenesis (Cahill et al., 1972) . This muscle protein is subsequently repleted during feeding (Millward et al., 1983) . For any amino acid whose intracellular concentration is remaining constant, the net release or uptake by muscle is the difference between its rates of production and utilization. For phenylalanine, which is neither synthesized nor degraded in muscle tissue, at steady state the net balance across muscle tissue is the difference between the rates of synthesis and degradation of protein. In preparations of isolated skeletal (Jefferson et al., 1977) and cardiac (Morgan et al., 1971) muscle, radiolabelled phenylalanine has been used to estimate the rates of synthesis and degradation of total tissue protein and to examine the effects of insulin and other hormones on muscle protein turnover in vitro (see Morgan et al., 1979 , for review).
In vivo, measurements of muscle protein turnover have utilized either pulse injection (Garlick et al., 1980) or continuous infusions (Pain & Garlick, 1974) of labelled amino acids, combined with measurement of the tracer content of tissue protein from biopsy or necropsy specimens. These latter techniques, owing to the large amount of tracer and large size of tissue sample required, are not applicable to clinical studies. In man, no generally accepted method is available to assess directly rates of protein synthesis and degradation in skeletal muscle. Inferences regarding effects of insulin, amino acid availability and other factors on muscle protein turnover in man have been based on net balance measurements across muscle (Abumrad et al., 1982.; Pozefsky et al., 1969) or on whole-body radioisotope turnover measurements (Waterlow et al., 1978) .
Several authors have suggested that measurement of the exchange kinetics of leucine across the forearm (Cheng et al., 1985) or hindlimb (Oddy & Lindsay, 1986) could provide an index of muscle protein synthesis and degradation. Since leucine is metabolized in muscle botkby incorporation into protein and via transamination and oxidation, quantification of radiolabelled leucine exchange across the forearm necessitates the use of two tracers and measurement of the arterial and venous specific radioactivities (or enrichment) not only of leucine, but of 4-methyl-2-oxopentanoic acid and bicarbonate as well.
In the current work we have taken advantage of the single metabolic fate of phenylalanine in muscle to develop a simple method for simultaneously estimating the rates of skeletal-muscle protein synthesis and breakdown, based on the combined measurement of the dilution of L-[ring-2,6-3H]phenylalanine and the net phenylalanine balance across the dog hindlimb in vivo. These measurements do not require tissue samples and can therefore be considered for use in clinical studies. Furthermore, measurements can be made repetitively during a single experiment, thus allowing assessment of the effect of experimental interventions.
METHODS
Eight adult mongrel dogs of either sex weighing between 18 and 26 kg were anaesthetized with sodium pentobarbital and ventilated on room air. Catheters (18 gauge) were placed in the left femoral artery and vein and in the carotid artery. For measurement of hindlimb flow, Indocyanine Green dye was continuously infused in the left femoral artery (150 ,ug/h) and the dilution of the dye was determined in femoral-venous plasma. A continuous infusion of L-[ring-2,6-3H]phenylalanine (200 ,uCi/h) and a primed (10,Ci) continuous (0.20 ,Ci/min) infusion of L-[1-14C]leucine were given in a peripheral vein. The leucine and dye infusions were begun 2.5 h before, and the phenylalanine infusion was begun 1 h before, and continued throughout, the blood sampling period. Simultaneous blood samples were obtained from the carotid artery and left femoral vein at 10 min intervals over 30 min.
From each blood sample, portions of whole blood and plasma were diluted 1:1 with 6% (w/v) sulphosalicylic acid, and samples of the supernatant were taken for amino acid analysis on a Dionex D-500 amino acid analyser. A second portion of supernatant (1 ml) was passed over a Dowex 50W ion-exchange column, which retains the amino acids, but not their oxo acid derivatives. The amino acids were eluted with 1 M-NaOH, collected in scintillation vials and counted for radioactivity in a Packard Minaxi liquid-scintillation system by using a dual radioisotope-counting mode and an external standard. In control experiments, recovery of labelled leucine and phenylalanine from the Dowex column was greater than 95%. At the end of a 3 h infusion of labelled phenylalanine in the dog, more than 95% of the 3H in plasma amino acids is present in phenylalanine and less than 1 % is in tyrosine.
The rate of protein degradation across the hindlimb was estimated from the dilution of phenylalanine specific radioactivity between arterial and femoral-venous plasma according to the following formula: (Jefferson et al., 1977) and heart (Rannels et al., 1975 (2) Similarly, the contribution of protein-derived phenylalanine to venous phenylalanine will equal D x (1-ER) (i.e. phenylalanine derived from protein breakdown is assumed to be treated identically with that entering muscle from arterial plasma). Therefore the flux of phenylalanine into venous blood is given by the expression: Total Phe entry into vein
The flux of radioactivity into the vein is given by the difference between radioactivity (d.p.m.) entering muscle from the artery minus that retained within muscle, i.e.: 
RESULTS
In these post-absorptive dogs there was a net release of most amino acids across the hindlimb, as shown in Fig. 1 . Release of alanine and glutamine predominated over that of other amino acids. The hindlimb plasma flow in these animals averaged 33 + 3.5 ml/min. The net release of amino acids that cannot be synthesized by muscle (e.g. phenylalanine and tyrosine) indicates that protein degradation exceeded synthesis in hindlimb tissues. The arterial and venous concentration and specific radioactivity of phenylalanine and leucine did not change during the 30 min sampling period, indicating that both tracers were at a steady state in plasma (results not shown). Despite the net release ofboth phenylalanine venous plasma for ten selected amino ac Significant concentration differences are *P < 0.001, **P < 0.01, ***P < 0.05. and leucine by hindlimb, there was a hih extraction of both [3H]phenylalanine ar from plasma (Table 1 ). The combina extraction and addition of unlabelled and leucine to venous blood resulted their specific radioactivities in femoral-) ( Table 1) .
The concentration and specific radioacti alanine and leucine were also measured i samples obtained from the arterial and f catheters. There was a significant net r leucine and phenylalanine (P < 0.05 foi highly significant extraction of both [11 [3H] phenylalanine (P < 0.001 for each), sequent dilution of specific radioactivity o venous blood (Table 1) .
The rate of uptake of plasma phen hindlimb tissue is obtained from the pr L-[ring-2,6-3H]phenylalanine extraction [phenylalanine] .rt x plasma flow. This is a incorporation of arterial-plasma phenylal synthesized hindlimb protein (Table 2) leucine into hindlimb tissue, calculated in an identical manner, exceeded that for phenylalanine. This was seen regardless of whether plasma (leucine 2.6-fold greater than phenylalanine) or whole-blood samples (leucine 3.2-fold greater) were used. This would be expected from the molar ratio of leucine to phenylalanine in hindlimb muscle protein. In biopsy samples of dog hindlimb muscle this ratio of leucine/phenylalanine was 2.4+0.1 (n = 3) in protein purified as described by Morgan et al. (1971) . The tissue uptake of leucine in excess of this presumably reflects one of the alternative metabolic fates ,,EL i of leucine, or a greater leucine/phenylalanine ratio in a Cys Phe Leu subset of proteins that have a higher turnover rate. erial and femoral
When the exchange of unlabelled and 3H-labelled erial ands femoral phenylalanine across hindlimb was measured in whole blood rather than plasma samples, the estimated rates of indicated by:
hindlimb phenylalanine uptake and net hindlimb phenylalanine balance were similar to those obtained with plasma samples (Table 2 ). This is in keeping with previous reports that red-cell phenylalanine does not ghly significant significantly participate in muscle phenylalanine exnd [14C]leucine change (Jefferson et al., 1977) . In contrast, the hindlimb tion of tracer uptake of leucine and net hindlimb leucine balance were phenylalanine each significantly greater when whole blood was in dilution of analysed (Table 2 ). This also agrees with results of venous plasma previous studies indicating a role for red-cell leucine in tissue leucine exchange (Felig et al., 1973 ). ivity of phenylAs indicated above, the hindlimb uptake of phenylin whole-blood alanine from plasma could be used as one estimate of the Semoral-venous rate of protein synthesis in this tissue. The rate of protein elease of both degradation would be predicted by the difference r each), and a between the net balance and the rate of synthesis.
4C]leucine and
However, the rates of both synthesis and degradation of with the conprotein determined in this manner must be considered as of each tracer in minimal estimates, since the calculations do not allow for any reutilization of phenylalanine derived locally from iylalanine into protein degradation in muscle. If we assume that 'oduct: plasma phenylalanine derived from proteolysis and that delivered ratio x plasma from arterial plasma are used without preference for measure of the protein synthesis, then the rate of protein degradation lanine in newly (estimated by eqn. 1) averaged 987 + 285 nmol of >. The flux of phenylalanine/min and that of protein synthesis (ob- 
DISCUSSION
The results of the current study demonstrate that the extraction of labelled phenylalanine and dilution of phenylalanine specific radioactivity across hindlimb muscle are readily measured in the intact animal. To the extent that hindlimb phenylalanine metabolism reflects that of skeletal muscle, these parameters of radioisotope flux can be used to estimate the rates of synthesis and breakdown of muscle protein. By using the current method, the flux of arterial phenylalanine into protein synthesis can be precisely quantified (see Table 2 ). However, the total flux of phenylalanine into protein also includes some contribution of phenylalanine supplied locally by proteolysis. It is evident from the dilution of phenylalanine specific radioactivity between arterial and venous plasma (Table 1) that phenylalanine taken up by muscle tissue near the venule end of a capillary may have originated from either proteolysis or arterial plasma. Precise estimation of the magnitude of re-incorporation of proteolysis-derived phenylalanine back into protein is problematic and would require determining the specific radioactivity of the precursor pool for muscle cell protein synthesis. This precursor pool specific radioactivity would be accurately reflected by measurement of the specific radioactivity ofphenylalanine in phenylalanyltRNA (Stirewalt et al., 1985) . However, owing to the small amount of phenylalanine present in phenylalanyltRNA (approx. 0.1 % of cellular phenylalanine content), the measurement of aminoacyl-tRNA specific radioactivity in vivo has been possible only in small rodents receiving large doses of tracer. Available information indicates that in vivo the specific radioactivity of heart muscle leucyl-tRNA is in rapid equilibrium with that of plasma during either a pulse (Martin et al., 1977) or a continuous infusion (Everett et al., 1981) of labelled leucine. Since leucine and phenylalanine enter muscle at similar rates (Morgan et al., 1971) , we for the present assume that phenylalanine in venous plasma is in isotopic equilibrium with phenylalanyl-tRNA. In accord with this, in the isolated heart perfused at physiological concentrations ofphenylalanine, the specific radioactivity of heart muscle phenylalanyl-tRNA differs from that of the perfusate by only 10-20% after only 3-5 min of perfusion (McKee et al., 1978) . We are keenly aware that to date there are no results available to indicate whether or not skeletal-muscle phenylalanyl-tRNA or leucyltRNA achieves isotopic equilibrium with radiolabelled tracer in venous plasma. It follows that the absolute rates of protein synthesis and degradation estimated by using eqns. (1) and (6) will reliably indicate total protein phenylalanine turnover only if such isotopic equilibrium prevails. Any proteolysis-derived phenylalanine which is reincorporated back into protein without equilibrating with labelled phenylalanine is not detected, and turnover is underestimated.
It should be recognized that tracer methods such as the L-[1-14C]leucine turnover technique, which are widely used in vivo to estimate leucine flux and, when corrected for leucine oxidation, whole-body protein synthesis and breakdown, similarly assume rapid equilibration of leucine derived from tissue proteolysis with the labelled leucine pool. In the absence of rapid equilibration, the [14C]leucine turnover method will underestimate both the leucine flux and the rate of protein synthesis. The observation that arterial leucine specific radioactivity is greater than that of either tissue or venous-plasma leucine (Table 2) indicates that underestimation of leucine flux will predictably occur. This difficulty is not necessarily resolved by use of the specific radioactivity of plasma 4-methyl-2-oxopentanoic acid, for, although the latter more accurately reflects the tissue leucine specific radioactivity (Schwenk et al., 1985) , this may not be equivalent to that of the precursor pool for protein synthesis. Thus, in perfused heart muscle the specific radioactivity of both phenylalanyl-and leucyl-tRNA is higher than that of cytosolic phenylalanine and leucine when these amino acids are present at physiological concentrations (Martin et al., 1977; McKee et al., 1978; Morgan -et al., 1979) . It is of particular interest that, in heart muscle in vivo, the specific radioactivity of plasma leucine and leucyl-tRNA equilibrate rapidly (within 2 min) and both significantly exceed that of leucine in heart cytosol (Martin et al., 1977) .
It is not currently known whether, in vivo, labelled phenylalanine, like leucine, rapidly equilibrates between the plasma and heart muscle tRNA pool. Available evidence does suggest that, similarly to leucine, phenylalanine incorporation into muscle protein begins immediately upon addition of tracer to muscle perfusate and increases linearly with time. This contrasts with other amino acids (e.g. glycine and lysine), which display a linear rate of tracer incorporation into protein only after a lag period, presumably required for labelling of some cellular amino acid pool. This variable behaviour for different amino acids has been described in muscle (Jefferson et al., 1977; Morgan et al., 1971 ) and other cell types (Khairallah & Mortimore, 1976; Robertson & Wheatley, 1979) .
As noted above, in isolated perfused heart at physiological phenylalanine concentrations the phenylalanyl-tRNA specific radioactivity is 1020% less than that of the perfusate, but each was greater than that of cytosolic phenylalanine (McKee et al., 1978) . Raising the perfusate phenylalanine concentration to values 5-8-fold greater than in normal plasma results in a uniform specific radioactivity of the perfusate, tRNA and cytosolic pools. The latter method has been used extensively in studies of isolated perfused heart and perfused hemicorpus, and more recently has been adapted for studies in rats in vivo (Garlick et al., 1980) . However, this manipulation cannot be used with the current method in vivo, since it would so greatly increase the flux of phenylalanine into the hindlimb from arterial plasma that it would be very difficult to detect the dilution of phenylalanine specific radioactivity that occurs across hindlimb muscle.
Since in muscle L-[ring-2,6-3H]phenylalanine has a single metabolic fate, i.e. incorporation into protein (Williams et al., 1981) , we have emphasized its use to measure muscle protein turnover. However, it is of interest that the pattern ofexchange ofblood leucine across hindlimb paralleled that of phenylalanine. As shown in Table 2 the uptake of blood leucine by hindlimb was 3.2-fold greater than that of blood phenylalanine and the release of leucine from muscle was 2.8-fold greater. Each value slightly exceeds the relative ratio of leucine to phenylalanine in hindlimb muscle protein (2.4 + 0.2). Since leucine can be transaminated and oxidized by muscle as well as incorporated into protein, uptake of leucine in excess of its incorporation into protein would be expected. We further note that, if the arterial concentration and specific radioactivities of blood leucine given in Table 1 are substituted in eqn. (1), the rate of leucine released from hindlimb protein averages 2540 nmol/min, or 2.6-fold the rate of phenylalanine release from protein, approximately that predicted from the average amino acid composition of muscle protein.
Although these latter calculations serve to illustrate the similarity of the measurements of muscle protein turnover by using leucine and phenylalanine in the basal state, the single metabolic fate of phenylalanine in muscle allows direct estimation of the protein-synthesis rate from eqn. (6), whereas if leucine is used some estimation of the rates of both transamination and oxidation is required. This is well illustrated by the studies by Cheng et al. (1985) and Oddy & Lindsay (1986) , directed at modelling the exchange of leucine tracer across a limb. In each of these studies the authors recognized the need to quantify separately the flux of leucine into the 4-methyl-2-oxopentanoic acid pool and the total rate of 4-methyl-2-oxopentanoic acid oxidation in muscle in order to estimate rates of protein synthesis and degradation. One limitation common to both studies was the exclusive use of plasma samples to estimate tracer exchange of leucine by the limb. As we have indicated in the Results section, it appears clear that in the dog the red cell participates in the inter-organ exchange of leucine, and whole-blood measurements will more correctly reflect the overall radioisotope exchange occurring between the muscle and the circulating leucine pool. Preliminary studies also indicate this to be the case in man (R. A. Gelfand, unpublished work). Use of plasma samples for measurement of either the net balance or tracer-exchange kinetics of leucine across the limb leads to a systematic underestimation of the rates of leucine flux. For phenylalanine in the current study no such discrepancy was apparent. In the absence of specific information regarding the participation of red cells and plasma in the exchange of any amino acid across a tissue bed, whole-blood measurements would be preferred.
Estimates of the fractional rate of protein synthesis in human skeletal muscle have been obtained from measurement of the incorporation of either lysine (Halliday & McKeran, 1975) or leucine (Rennie et al., 1982) labelled with stable isotopes into muscle protein obtained in biopsy samples. Fractional synthesis rates of 1.5+0.3 and 2.4+1.0% /day were reported for myofibrillar and total muscle protein respectively. In the post-absorptive growing rat the fractional proteinsynthesis rate averaged 10.4+0.6%/ /day. In the latter study a bolus infusion of unlabelled phenylalanine and [3H]phenylalanine was used in an effort to achieve a uniform labelling of the muscle tRNA specific radioactivity (Garlick et al., 1983 ). In the current study, if one assumes that hindlimb muscle receives the majority of hindlimb blood flow, and blood flow to dog hindlimb muscle averages 3 +1 ml/min per 100 g of tissue (Liang et al., 1982) , then the half-life of hindlimb muscle protein can be obtained from the measured rate of hindlimb protein breakdown (3.4 mg/min; see the Results section), and averaged 1.7 + 0.5% /day.
In summary, as discussed extensively in several reviews (Morgan et al., 1979; Rannels et al., 1982) , the most precise quantification of the rate of muscle protein synthesis can be achieved only by using invasive methods which allow direct measurement of the specific radioactivity of either the aminoacyl-tRNA pool or even the peptidyl-tRNA. The requirement for use of tissue sampling and large amounts of radioisotope precludes application of these methods to clinical investigation. As a result, there is currently no generally accepted method for measuring protein tumover in vivo in muscle tissue. The phenylalanine tracer-exchange method described here takes advantage of several attractive properties of L-[ring-2,6-3H]phenylalanine. The method does require both arterial and selective venous catherization, yet these techniques are already in wide use in the clinical investigation of other aspects of both skeletal and cardiac muscle metabolism. This method may allow more detailed investigation of the humoral, substrate and other factors which regulate protein turnover in specific tissues under a variety of physiological and pathological conditions. This work was supported by grants from the American Heart
